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Abstract

We propose measurements at 3 — 6 GeV of Compton scattering v+ p —
« + p at large perpendicular momentum transfer to the proton. Recent theo-
retical developments offer the possibility of a unified treatment of high energy
Compton scattering, elastic form factors, and deep inelastic scattering. We
will use an untagged bremsstrahlung beam in Hall A with coincidence detec-
tion of the recoil proton and scattered photon. The proton will be detected in
one of the HRS spectrometers, and the photon will be detected in a large-area,
multi-segment Pb-Glass calorimeter.



I. INTRODUCTION

Compton scattering (y+p — y+p) at high energy (s) and high momentum transfer (£}
is a potentially powerful probe of the short-distance structure of the nucleon. It is a natural
complement to other studies of nucleon structure, including high Q2 measurements of the
elastic electric and magnetic form factors, virtual Compton scattering, and deep inelastic
scattering. In this proposal we present a program of Compton scattering from the proton up
to an energy 6 GeV. We begin with a discussion of the physics motivation (Sec. IT} in which
we will argue that the range of s and ¢ accessible to TINAF is one that potentially provides
a bridge between perturbative and non-perturbative QCD treatments of the short-distance
structure of the proton. We next discuss the experimental aspects in Sec. III, including
the necessary equipment, expected counting rates, and backgrounds. Additional sections
include the beam request/run plan (Sec. IV) and collaboration issues Sec. V). We conclude
with a brief discussion of possible future developments (Sec. VI).

We propose measurements of Compton scattering using an untagged bremsstrahlung
beam in Hall A, with detection of the recoil proton in one of the HRS spectrometers in
coincidence with the scattered photon in a Pb-Glass Calorimeter which we will construct
for this experiment. Our kinematics for the incident and scattered photon and proton are
defined, respectively, as follows:

Y+p-—v+p (1)
9#+Pp—"""qz‘+P,: (2)

It is also convenient to describe the reaction in terms of the Mandelstam invariants:

s=(g+p) = [M>+2M] (3)
t={(g—¢')2 =2¢q'(1 — cosb,,) = -g- ll — —jg—z-] [1 — cos fum) (4)
u=(q—-P)=(P-q¢p=M —t—(s— M) (5)

We will also refer to the perpendicular momentum transfer
py =p'sin by, = ¢'sinb,,, (6)

where 6., and 6., are the angles between the recoil proton and the incident beam, and the
scattered photon and the incident beam, respectively. Notice that Eq. 6 is equally valid in
the laboratory or Center-of-Mass (CM) frames of reference. The focus of this proposal is on
Compton scattering at large p, .

For extreme small angle production, there exists an extensive experimental literature on
high energy Compton scattering and coherent n® production on the proton. [1] However, the
data of Shupe et al., [2] from Cornell are the only data at large scattering angles. These are
illustrated in Fig. 1 & 2. The data include photon energies from 2.0 GeV to 6.0 GeV, but
there are only a total of 3 points at 5 and 6 GeV, each with 20% to 40% statistics.

Our proposed kinematics are listed in Table I. At endpoint energies of 5 and 6 GeV,
we will measure a broad angular distribution. At 3 and 4 GeV, we will measure at 8., =
90°, 110° to complement and improve upon the existing data of Shupe et al. [2] At all points,
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we will make measurements with at least 5% statistical precision (including all background
subtractions) and 6% systematic errors. The physics motivation for this study is discussed
in detail in the following section. By way of illustration, we note that from general principles
of field theory, the differential cross section do/dt at large p, is expected to scale as 57° at
fixed f.,. [3] These proposed measurements will allow us to study this scaling law (or the
approach to scaling) over a factor of 300 variation in the cross section.

II. PHYSICS MOTIVATION
A. Hard Scattering limit of Compton Scattering

We seck a unified description of elastic electroweak scattering N{e,e')N, elastic
Compton scattering p + 4 — p + v and elastic virtual Compton scattering ep — epy at
high energy. Elastic electron scattering measures a ground state current density. Elastic
Compton scattering (real or virtual) measures a density-density correlation. In Compton
scattering, the quark current couples twice to the system; the intermediate state contains a
priori the full complexity of a strongly interacting system. Thus in general, elastic Compton
scattering depends not only on the ground state structure, but also on an integral over the
structure of all excited states. Real Compton scattering, yp — 7p, virtual Compton scatter-
ing (VCS) ep — epy and deep inelastic electron scattering (DIS) ep — eX are all described
theoretically by the generalized Compton amplitude yp — p (with real or virtual photons
in either or both the initial and final states). There are now clear theoretical suggestions that
the introduction of at least one hard scale allows one to factorize the Compton amplitude
into the ground state matrix element of a short distance (and therefore perturbative) reac-
tion kernel. This is illustrated in Fig. 4(b)&(c) in the large Q? case for DIS and VCS, and in
Fig. 5 for p? large in Compton scattering. In this proposal, we seek to study this hypothesis
of factorization in the hard scattering domain of large p? . This is obtained experimentally
at high energy (equivalently large s) and wide angles: to exclude the diffractive regions of
small —% and small M? — u requires both 8., and = — 6, large.

In the hard scattering limit of any two-body process, the quark counting rule of Brodsky
& Farrar [3] predicts scaling laws of the form,

do/dt = f(fem)s* ™, (7)

where n is the number of elementary constituents in the reaction. In the Compton case,
n = 8 (three quarks and a photon in the initial and in the final state). The experimental
results from the Shupe data are:

do
p(7:7p)|9,m=600 d_ o 8—6.0;1;03
i
do _
P(7: 7P)|bem=s0° 7 <° 7.140.4 )
do
p('ra'}’P)lecm:mso ) o g-6-2El4

The statistical error bars of 16%-40% are reflected in the error bars on the exponents in
Eq. 8. In the present proposal, with 8% overall errors bars and a 6 GeV endpoint energy,
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the error bar on the exponent of the Compton scaling law can be reduced to 0.1, and the
range of s° at 8., = 90° extended by nearly a factor of three.

For large scattering angles, due to the superposition of many angular momenta in the
intermediate state, each channel of Fig. 3 can be expected to contribute a random phase to
the Compton amplitude. Consequently the contribution of any individual hadronic diagrams
is suppressed in the hard scattering limit. In addition, the large transverse momentum
transfer limits the propagating intermediate state to short distances: Compton scattering
in this case is therefore dominated by the partonic diagrams of Fig. 5. In these diagrams,
the intermediate state is perturbative; it does not have soft interactions.

In Fig. 5(a) & (b), the two photons couple to a single quark (or anti-quark}. The
spectator in general can include the full valence and sea degrees of freedom of the proton. In
Fig. 5(c) the two photons couple to two different partons, This diagram will be suppressed,
however, because g and ¢’ both have large transverse momentum (relative to g — ¢').

The high energy, wide angle Compton scattering process leads to a hierarchy of approx-
imations:

1) Perturbative intermediate state: No soft interactions in intermediate state.

2) Neglect of higher Fock-space configurations in initial state (elementary |ggg > state
only).

3) Neglect of quark perpendicular momentum components (relative to momentum trans-
fer direction ¢ — ¢') in initial and final states.

4) Dominance of diagrams with perturbative two-gluon exchange.

The validity of each approximation does not depend on the others lower in the list. There
are three approaches to the hard scattering domain:

e Perturbative QCD (pQCD)
¢ Di-quark Model
e Feynman Mechanism

These three differ in how the momentum transfer ¢ is shared by the proton constituents.
In fact, they are listed above in order such that the momentum transfer is shared by three
(pQCD), two (di-quark), or one (Feynman) of the constituents of the proton, respectively.
PQCD and the Feynman mechanism each offer a general framework for understanding Comp-
ton scattering. Within each framework, models of the proton structure must be applied.

B. Perturbative QCD

In the perturbative QCD (pQCD) calculations of Compton scattering [5,4], the Compton
process samples only the elementary 3-quark Fock space configuration of the proton. The
perpendicular momentum components of the three elementary quarks are integrated out of
the wave function, leaving the distribution amplitude (DA) ¢(zy,z2,x3) of the light-cone



momentum fractions of the three quarks. The light cone z-direction is along §—¢". Neglect-
ing the perpendicular momenta of the quarks is equivalent to writing the wave function as a
5-function in the transverse coordinates. The VCS amplitude is written (schematically) as:

T (sq, Q%) = jdszdsytﬁ(m)k“”(z,y)cﬁ(y). (9)

K®(z,y) is the hard scattering kernel that includes all distinct diagrams in which two
photons couple to three quarks which exchange two perturbative gluons. The exchange of
perturbative gluons shares the momentum transfer between the three quarks. The gluon
propagators ensure that the scaling law Eq. 7 is produced, up to logarithmic evolution.
Numerically, the integral in Eq. 9 is dominated by the endpoints, corresponding to the
exchanged gluons close to their mass shell. This calls into question the internal consistency
of the pQCD approach, at least at finite s and ¢. These difficulties may be partially alleviated
if the transverse momentum dependence (or equivalently the transverse size) is included
explicitly [6]. However, restoring the transverse separation of the quarks strongly suppresses
perturbative gluon exchange, and reduces the predicted cross sections well below the existing
data for both Compton scattering and the elastic form factors (Fig. 1 and Ref. [7], [8])

C. Di-Quark Model

In the di-quark model of Kroll et al., the high momentum transfer p(e, e')p or p(v,7p)
reactions sample a Fock-space consisting of a quasi-elementary quark and di-quark (both
scalar and vector) [9,10]. The relative perpendicular momentum between the quark and
di-quark components is neglected (similar to the pQCD calculations). In this model, the
momentum transfer to the proton is shared by perturbative gluon exchange between the
quark and di-quark and by the internal di-quark structure, described by a di-quark form
factor. The di-quark form factor is constructed so that asymptotically the di-quark model
agrees with the pQCD calculation.

The di-quark calculations of Kroll et al. [9,10] provide an interesting interpretation of
the existing real Compton scattering data {2]. In particular, the scaling violations suggested
by the present data are reproduced by the model. In the di-quark model, since the proton
has only two constituents, Eq. 7 should be modified to

da/dt = 3;4|F(_t)|2.fdi—quark(8cm), (10)

where F(—t) is the di-quark form factor. In the forward direction (small ¢), the Compton
process does not resolve the substructure of the di-quark (F(—t) ~ 1). Hence the predicted
cross section should scale as s~%. In fact both the data and the model fall less rapidly than
57% in the forward direction. On the other hand at large ¢ (8., > 90°) the di-quark form
factors are important. The scalar and vector di-quark form factors are monopole and dipole,
respectively:

Fs(-t)=@3/1@% -1,  F(-)=[Q}/@% 1] . (11)

Since —¢ =2 (8,/2)(1 — cos 8.m), at large ¢ the scalar di-quark terms in the cross section will
fall like 3;6 at fixed 8. and the vector di-quark terms in the cross section will fall like s 8
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At Ocm = 90° both the data and the model cross sections fall faster than s;® (Eq. 8). In this
case the vector di-quark is modeling the non-valence (and helicity violating) structure in the
proton. The parameters of the di-quark model are constrained primarily by the elastic form
factors GEy at @* > 1 GeV?. The improved data set we seek to obtain will help determine
whether it is possible to obtain a consistent phenomenological interpretation of both elastic
electron and photon scattering.

D. Feynman Mechanism

Before the advent of QCD, Feynman conjectured that high momentum transfer exclusive
processes are dominated by ground state configurations in which a single parton carries
a (light-cone) momentum fraction near umnity [11]. In the context of QCD, it has been
conjectured that the Feynman mechanism, rather than perturbative gluon exchange will
dominate hard scattering processes at presently accesssible energies that are well below
asymptopia. [12,7] It is the soft part of the wave-function (z;, — 1) rather than perturbative
gluon exchanges that provide the main mechanism for absorbing the momentum transfer.
This approach has been applied to the proton form factor [8], in this case, the transverse
momentum of the constituents is modeled by a wave function of the form:

Y(p1,p2,3) = $(21, 2, 23)e 2 Ty (12)

~ 2122335(1 - ({1’31 + T -+ 3’23))8_ Ei E“ﬁ (13)
If one of the constituents carries nearly all of the longitudinal momentum, then the others
have nearly zero momentum fractions. The wave function has the approximate form []7 z;.
Thus the Feynman mechanism is domnated by the Fock space configuration with the fewest
number of constituents (fewest number of factors z; =~ 0) in the wave function.

The quark kernel in Fig. 5(a) has the form of the Klein-Nishina formula for y-fermion
Compton scattering. The two photons couple to the quark in Fig. 5(a) & (b) at two separate
space-time points. However, in the hard scattering limit, the large transverse momentum
of ¢ and ¢' (relative to g — ¢') will force the two vertices to a common point. In this case,
the hard scattering Compton amplitude is proportional to the Klein-Nishina amplitude for
each quark flavor times the usual flavor dependent vector and axial vector form factors of
the proton. The generates a different scaling prediction: at fixed ¢, the s dependence should
be given by the Klein-Nishina (KN) formula [15]

st o (%)

dt dt (14)

;Evaf(—t)

This provides a way of modeling the hard scattering Compton amplitude independent of
any assumption about the Fock space configurations of the proton wave function. The soft
physics is contained entirely in the flavor-dependent form factors. These are similar to the
form factors measured in elastic electron scattering except that the Compton scattering am-
plitude is sensitive to quark matrix elements weighted by the quark charge squared whereas
the elastic electron form factors are weighted by the quark charge. Thus Compton scattering
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is directly sensitive to the flavor structure of the proton elastic form factor in a different way
from electro-weak scattering, thereby providing another tool (along with parity-violating
electron scattering) for decomposing the flavor structure.

In summary, we wish to test the hypothesis of factorization of the Compton amplitude
(and exclusive processes in general) at large p;. This hypothesis leads to a series of approx-
imations, enumerated above, each with different predictions for the behavior of the cross
section as a function of s and ¢ or 8,,. In the context of pQCD, our data can be used to
obtain improved constraints on the DA ¢(z1, 2, 3). {17,16] The Feynman mechanism gives
us a different scaling law to test (Eq. 14) and provides a direct link with elastic form factors.
In general, the models described above are tested as a function of 5, and interpreted to
constrain the proton structure as a function of fcm or . Thus we need new and improved
data over a wide range in both s and fgm

II1. EXPERIMENTAL ASPECTS
A. Overview

We propose to measure differential cross sections for Compton scattering from the
proton p(7y,7'p) at incident photon energies between 3 and 6 GeV and at a variety of CM
scattering angles. A plan view of the experimental setup in Hall A is shown in Fig. 6. The
high duty factor electron beam impinges on a 6% copper radiator located just upstream of
the scattering target. The mixed beam of electrons and bremsstrahlung photons is incident
on a 15-cm target of liquid Hydrogen. The recoil proton is detected in one of the HRS
magnetic spectrometers. The associated scattered photon is detected in an electromagnetic
calorimeter consisting of 625 Pb-Glass blocks in a 1 m x 1 m array. Only the upper portion
of the continuous bremsstrahlung beam is used. A combination of veto detector and sweep
magnet serve to reduce the background from charged particles, principally electrons, in the
calorimeter. The second HRS spectrometer will operate at a fixed angle and serve as a
luminosity monitor.

The kinematics we have chosen to investigate is shown in Fig. 7 as well as in Tables I
and II. Specifically, we propose 17 measurements that are arranged in order to study the
s-dependence of the cross section at two fixed f.m = 90° and 110° and at fixed —¢ ~ 3.2
GeV?, as well as the ¢-dependence of the cross section at the fixed s corresponding to 5
and 6 GeV beams. One fixed angle 8., = 90° was chosen because it corresponds to the
largest transverse momentum. The angular limits of the 6 GeV measurements are dictated
on the low end (8., = 70°) by the need to keep the photon detector at a laboratory angle
no smaller than 20° due to the severe increase in bremsstrahlung background below that
angle, and on the high side by the maximum momentum one can detect with the HRS (4.5
GeV). The broadest angular coverage will be done at 5 GeV, where we will cover the region
6.,=60°-135°. Of the proposed measurments, the 3 and 4 GeV points overlap with the best
of the Cornell work. The bulk of the points go beyond the Cornell measurements, which
have only 3 points at energies > 5 GeV and overall accuracy of 30%.

An essential feature of the experiment is to use the kinematic correlation between the
scattered photon and the recoil proton in the p(vy,¥'p) reaction to remove one of the princi-
pal sources of background, namely, photons from the decay of neutral pions produced in the
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p(v, %) reaction. This requires the best possible angular resolution from both the recoil
spectrometer and the photon detector. The technique we will use is conceptually identical to
that used in the Cornell experiment. However, the combined effects of a high quality, high
duty factor electron beam, a state-of-the-art magnetic spectrometer, and better segmenta-
tion in the photon detector should allow significantly better measurements in the range of s
and ¢ already covered by Cornell, as well as extensions beyond that. The equipment would
also be suitable for measurements at higher energies, should those energies become available
at TINAF in the future.

B. Electron/Photon Beam

The TINAF CW electron beam will be incident on a 6% copper radiator located
approximately 0.7 m upstream of the target. Multiple scattering in the radiator will give
rise to an angular spread in the photon beam

3.1
Tgy = 'E mr, (15)

with E the beam energy in GeV. In the worst case at 3 GeV, the angular spread ~ 1 mr.
Both this and the size of the photon beam (of order 1 mm or less) will contribute to the
overall angular resolution of the experiment, as discussed in detail in Sec. IIIF. Other
photon experiments proposed for Halls A and C utilize a mixed photon and electron beam
by transporting the electron beam from the radiator through the target, and on to the beam
dump. It then becomes necessary to remove the electron-induced background by doing
a subtraction of the yield obtained with the radiator removed. This greatly simplifies the
beam-handling situation, since no extraordinary techniques are needed to dump the electron
beam cleanly before it hits the scattering target. In the present experiment, the electron-
induced background due to ep scattering may be too severe to allow this technique to be used.
In effect, the kinematics of ep elastic scattering at these energies is identical to that of vp
elastic scattering for a bremsstrahlung photon at the endpoint of the spectrum. This requires
a very eflicient electron veto in the photon arm. However, there is an additional background
due to the fact that the scattered electron may radiate a hard photon via either internal or
external bremsstrahlung. The radiated photon from epy essentially maintains the direction
of the electron, so that this process becomes indistinguishable from Compton scattering.
Since most of the electrons incident on the hydrogen target have an energy very close to
the initial beam energy, the epy background is reduced considerably by selecting events in
the recoil spectrometer corresponding to incident photon energies below the bremsstrahlung
endpoint by an amount we denote by €. In Sec. III G, we will show that this background
can be reduced to an acceptable level with € = 0.1 GeV, i.e., by eliminating events in the
upper 0.1 GeV of the bremsstrahlung spectrum.

One addition remark is in order. There will be many Mdller electrons from the radiator,
and since the Moller cone is ~ 10 mr, some electrons may scatter into the downstream beam
pipe at the exit to the scattering chamber, creating an unacceptable background. Therefore
it may prove necessary to move the radiator closer to the target and/or modify the exit port
of the scattering chamber to increase the size of the aperture. This issue is currently under
study and a final resolution must await tests with a radiator in the beam, which will be
performed in the next few months (see Sec. V).
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C. Proton Arm

The important acceptance parameters for present purposes are follows: momentum
acceptance of +4.5%; angular acceptance of 51 mr and 102 mr in the horizontal and vertical
planes, respectively; transverse length (y) acceptance of £ 3 c¢m; and maximum central
momentum of 4.5 GeV (for the HRS currently used in the electron arm). These parameters
have already been achieved. The important resolution parameters are the horizontal angle
(o), the vertical angle (o), and the transverse target (o). The best information available
on the angular resolutions comes from an ep scattering run at 4 GeV beam energy, where a
missing momentum resolution o,»=4 MeV/c was measured for the combined spectrometers
(see Fig 8). The proton and electron each had a momentum of 2.5 GeV and the angles
were approximately 30° for each spectrometer. The measured resolution includes effects
of multiple scattering, which should be relatively small at these energies. Assuming equal
contribtions from each spectrometer and from each of the horizontal and vertical angles, we
find 05 & 04 ~ 0.9 mr. This is quite good and comparable to the design goals for the vertical
angle, although still a factor of two larger than the design goal for the horizontal angle. The
best information available on the y-resolution comes from the recent **O(e, e'p) experiment,
in which the detected electron at 2 GeV in the HRS had oy, ~ 0.9 mm (see Fig. 9). This is
somewhat worse than the design goal but still quite good. In the estimates to follow, we
will assume that these results will continue to be achievable.

The combined angular and momentum acceptance of the HRS determines the range of
photon energies that are accepted. In fact, this range is probably too large for all of the
kinematics of interest to us. After eliminating the upper 0.1 GeV of the bremsstrahlung
spectum as discussed above, we intend to restrict the measurement to an energy fraction
AE,/E, = 10%. This will help reduce any uncertainty due to nonelastic contributions to
the scattering cross section. This is further discussed in Sec. III H.

D. Target

The target will be the standard Hall A LH, target. We assume a target cell 15 cm
long and 6.35 cm in diameter, with a 0.07 mmm Al entrance window and 0.18 mm Al side
walls. The target is contained in the Hall A scattering chamber, which will soon have an
Al exit window of thickness 0.25 mm. These numbers will enter into the multiple scattering
calculation that determines the overall angular resolution.

E. Photon Arm

The key new piece of instrumentation for this experiment is a calorimeter made of
Pb-Class blocks that will be used to detect the scattered photon. We use Pb-Glass rather
than alternatives based on scintillators or wire chambers in order to minimize the sensitivity
to hadronic background. We assume an array of 4 cm x 4 cm x 40 cm blocks of type F8 or
similar variety. These will be arranged in 25 x 25 array for a total of 1 m x 1m. This array
satisfies the essential requirements, which we now discuss

10



The solid angle should be reasonably matched to the acceptance of the proton arm. In

the vertical plane, the acceptance required is
né né
Ad, = sin 1 A, = | 5ind,

sinf,

sind, [25mr] (16)
This relation follows from the coplanarity condition on the proton and photon. Since large
photon angles 8., are correlated with small recoil proton angles the required vertical accep-
tance A¢., grows very large at large angles. The horizontal acceptance is more complicated,
since it depends on both the angular Af, and momentum Ap, acceptance of the proton
spectometer, as well as on the limitations imposed by the AE,/E, = 10% condition. We
have calculated the necessary acceptance in both ¢, and 8, for all the kinematics of the ex-
periment. The results for the 5 GeV kinematics (for which the angular range is greatest) are
shown in Fig. 10. We see that the required A, also grows large at large scattering angles,
although not as rapidly as the required A¢,. Our detector will have an angular acceptance
that can be adjusted at each scattering angle to match the horizontal angular acceptance
(see Table I). We can do this for all but the most backward angle (135° at 5 GeV), since it
is not desirable to have the calorimeter closer than 5 m from the target. Moreover, for most
of the backward angles, A¢, will be somewhat lower than optimal. The movement will be
achieved by mounting the detector on a carriage that allows both rotation about the target
position but also radial movement.

Sufficient segmentation is needed to maintain the good angular resolution necessary for
reduction of the 7° background. Since the Moliere radius of Pb-Glass is 3.3 ¢m, the 4 cm
square blocks are a good choice. We should have no problem achieving a position resolution
o = 5 mm with such detectors {21]. The experience of the Yerevan group is that the position
resolution for similar detectors is approximately

a__5mm
£ «E’

which is more than sufficient for our purposes. In our estimates of the #° background to
be given in Sec.IIIF, we will assume the more modest number of 5 mm. The ability to
calibrate accurately with an electron beam (see Sec. IIIK) should allow us not only to
measure o, accurately but also to develop optimization algorithms for achieving the best
position resolution possible [21].

Since we will primarily use angular kinematics to identify Compton events, only modest
energy resolution is needed. The BNL group [21] reports an energy resolution

og = .06vVE + .02E, (17)

which should suffice for our purposes.

For data acquisition, the standard Hall A DAQ will be used with the addition of two
Fastbus crates with the calorimeter electronics. Based on recent experience in both Hall A
and Hall C, the singles rate in the proton arm will be low enough to serve as the primary
trigger. In a recent Hall C experiment with a 4 GeV electron beam on a 15-cm LH, target
in kinematics very similar to ours, the single-arm trigger rate in the HMS was 150 Hz at 10
pA. We estimate that the presence of the radiator will increase this by a factor of 5, bringing
the total trigger rate to less than 1 kHaz.
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F. Background from #° Photons

The goal is to separate the p(y,7'p) events from the p(y,7°p) events. Because of the
small mass of the pion, the four-momentum of a coherently produced #° is nearly identical to
that of a Compton photon. For a monochromatic incident photon beam, it would be possible
to resolve Compton from 7° events by a precise measurement of the three-momentum of the
recoil proton (indeed, this is essentially the technique used in the VCS experiments), but
this will not work for a continuous bremsstrahlung spectrum. Instead one relies on the
kinematic correlation between the recoil proton and the associated Compton photon or #° .
Under the assumption of two-body kinematics, a measurement of the three-momentum of
the recoil proton uniquely defines both the energy of the photon that initiated the event
and the three-momentum of the photon or #° . The #° decays into two photons. The
higher energy photon has an energy between E./2 and E. =~ E! (the energy of a scattered
photon in the same kinematics) and is confined to a cone of half-angle m./E; about the
pion direction. The lower energy photon has an energy less than E./2 and lies outside the
cone. In contrast, for fixed kinematics of the recoil, the Compton photon is spread out in
solid angle only by the overall angular resolution of the coincidence detection system. This
resolution is determined by the intrinsic resolution of the magnetic spectrometer for the
in-plane and out-of-plane proton angles and for vertex reconstruction; by proton multiple
scattering in the target and other material; by the angular spread of the incident photon
beam; and by and the ability of the calorimeter to determine the angle of the scattered
photon. We combine all these effects into effective Compton angular resolutions, which we
denote by o and oy for the horizontal and vertical directions, respectively. The ratio R_o
of coherent 7° photons to Compton photons is therefore determined by the ratio of cross
sections divided by the fraction of the #° photons falling within the angular resolution. One
easily finds

do(y,7%) g0y
Ro =11 ,
™ T " do(1,7) (me/E3)?

where the numerical factor comes in part from the fraction of Compton events within 2¢ of
a two-dimensional Gaussian distribution.

We see then that the Compton and 7° events are distinguished by the distributions of
86, and §¢, which are, respectively, the difference of the measured in-plane and out-of-
plane photon angles and the reconstructed photon angle based on the measurement of the
proton kinematics measured in the HRS. The resolutions in these quantities, o and oy,
respectively, directly enter into the expression for R_o given above. Typical histograms of
these quantities generated by Monte Carlo are shown in Fig. 11. It is important to note
that enough of the 7° photon distribution can be measured in the experiment to extrapolate
the distribution accurately under the Compton peak. Therefore, the running time needed
to obtain a given statistical precision in the measurement of the Compton cross section is
proportional to 1+R._o . We now present a detailed discussion of the calculation of R,_o for
the one case in our proposed kinematics, namely for 6 GeV at 110°. The quantity oy has
contributions from the following:

(18)

e o7, the position resolution of the calorimeter. We assume this to be 5 mm, as discussed
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earlier. At a distance of 6 m (determined by the horizontal angular acceptance), this
contributes 0.8 mr to gy

¢ o5, the out-of-plane angular resolution of the HRS. We assume the value 0.9 that has
been achieved already, leading to a contribution to o4 of 1.8 mr.

¢ The proton multiple scattering in the target. This is calculated using standard formu-
las, taking into account the hydrogen in the target, the aluminum wall of the target
can, and the exit aluminum foil to the scattering chamber. Together these contribute

0.8 mr.

¢ The vertical angular spread of the photon beam. This is calculated assuming it is due
to multiple scattering by the electron beam in the radiator. It contributes 1.0 mr.

¢ The vertical beam spot size. We calculate this by assuming the spot size is due to the
angular spread and therefore less than 1 mm. It contributes 0.8 mr.

Similarly, os has contributions from the following:

e o7, the position resolution of the calorimeter. Once again, this contributes 0.8 mr.

e o}, the in-plane angular resolution of the HRS. We again use the value 0.9 mr that has
already been achieved, leading to a contribution of 3.3 mr.

e the proton multiple scattering in the target. This contributes 1.4 mr.
e The horizontal angular spread of the photon beam. This contributes 1.0 mr.
e The horizontal beam spot size. This contributes 0.1 mr.

o of, the resolution in proton vertex reconstruction along the beam line. We use the
value 0.9 mm that has been achieved, leading to a contribution of 0.3 mr.

® o, the proton momentum resolution. This contributes negligibly.

Combining these independent contributions in quadrature, we find 64=3.8 mr and 4=2.5
mr. By comparison, the Cornell experiment achieved 8.5 in # and 2.1 in ¢. The above
number show that these results are dominated by contributions from the HRS, of and o%,
so that is where any improvements should be aimed. The resolutions calculated for all our
proposed kinematics are given in Table II.

To calculate R_o , we use scaling law estimates which roughly fit the Cornell data for
both the p(vy,'p) cross section

do(y,7) 30ubGeV??

dt - s8 ’ (19)

and the p(y,n%p) cross section

do(y,7%)  20mbGeV!?

dt - 87 '
In Table II, we see that Rﬂo =z 1.2-1.4, essentially independent of our kinematics. The
worse angular resolution at backward angles (as the detector moves closer to the target) is

compensated by the larger 7° cone.

(20)
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G. Background from e-p Scattering

As discussed above, the presence of electrons in the beam introduce two types of
coincidence background that are kinematically indistinguishable from Compton scattering.
The first is simply elastic ep scattering, where the scattered electron is detected in the
calorimeter. The second is ep scattering followed by emission of a hard bremsstrahlung
photon in the direction of the scattered electron, which we refer to as an epy event. As
remarked earlier, since most of the electrons in the beam are right at the bremsstrahlung
endpoint, we eliminate much of the problem by tuning the spectometer to accept events
corresponding to incident photons in the range E;“i“ to ET%*, where E7'*" is approximately
0.1 GeV from the endpoint. We further assume E***/ Em™™ ~ 1.1, It is now straightfor-
ward to estimate the scope of the problem. To do this, we use the Matthews and Owens
bremsstrahlung spectrum [22] to count the relative numbers of bremsstrahlung photons and
post-bremsstrahlung electrons in the interval between E,’;""" — E72%, and use the Rosenbluth
cross section for ep scattering and the expression of Eq. 19 for the Compton cross section.
This actually overestimates the problem at forward angles, since the ep cross section rises
steeply whereas Eq. 19 is flat, whereas the Cornell cross sections also rise steeply at center
of mass angles forward of 90° (see Ref. [2]). A more realistic procedure is to use Eq. 19 for
@ = 90° and the expression

do(v,7) _ 30pbGeV'®
dt 55{1 —cosfom)?’

for 0., < 90°. We have calculated the ratio of scattered electons to photon Nep/Naop for
the proposed kinematics. That ratio ranges from a few at the backward angles to a few
hundred at the forward angles. It is clear that we need to reject electrons at the level of
about 1 part in 1000 in order to keep the ep background at a reasonable level. Before
discussing this, we first estimate the epy problem by calculating the probability that the
scattered electron will radiate a photon in the energy range E™" — E™**, including both
the external and internal bremsstrahlung. Using a Monte Carlo calculation and including
the effects of detector resolution, we find that at 6 GeV the ratio of epy to Compton events
is approximately 20% at 70°, 10% at 90° and 6% at 110°. Sample histograms for the 6 GeV
70° and 110° points are shown in Fig. 12 and 13, respectively. We remark that this is one
case where it would be beneficial to have good energy resolution in the calorimeter, since
the bremsstrahlung background steeply rises at low energy, whereas the Compton photons
are concentrated at high energy. It will be necessary to measure this background in order to
subtract it. We can do this straightforwardly through the calibration procedure described
in Sec. IIIK.

We turn now to the ep background. We attack this problem in two ways. First, we use
a magnet to deflect electrons in order to remove the kinematic correlation with the recoil
proton. A modest field integral of 0.1 T-m as close as possible to the target will bend a 3 GeV
electron 10 mr, deflecting the electron by at least 4 cm (assuming a magnet-to-calorimeter
distance of at least 4 m), which is more than sufficient to remove the correlation. Moreover,
charged particles with momentum less than 0.3 GeV will be deflected completely off the face
of the calorimeter, thereby reducing the total flux impinging on the detector. A vertical field
will be used to take advantage of the small vertical size of the photon beam. The overall
size of the field region will be about 50 ¢cm, with a 30 cm gap.

(21)
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Second, we use a veto detector to reject electon-induced events in the calorimeter. In
an upcoming test run scheduled for the beginning of March, we will investigate various
schemes for rejecting electrons, including a MWPC, an air Cerenkov detector, and plastic
scintillators. Whichever technique is used, sufficient segmentation needs to be arranged in
view of the high rate of electron background expected (up to 1 MHz). The excellent position
resolution of the calorimeter suggests using a position- sensitive veto technique. A MWPC
provides 2 mm position resolution with a simple and reliable readout system. With 150 ns
time resolution, a rate ~ 10° Hz per cell will be acceptable. With a combined resolution
of MWPC and calorimeter of ~3 mm, a cell size of ~ 2x2 cm can be used in the off-line
veto analysis. A segmented gas Cerenkov counter is an attractive possibility because of the
ability to adjust the threshold and because the directionality of Cerenkov radiation will made
this counter sensitive to the electrons coming from the target area. For an electron energy
threshold of ~ 30 MeV and a counter length of 3 m, an efficiency above 99.9% might be
possible. Arrays of plastic scintillator counters would have ~ 1 cm postion resolution and ~
10 MeV threshold for detection of the charged particles. A decision as to which method will
be used in the actual experiment must await further tests. Nevertheless, the collaboration
is confident that the electron problem is under control.

H. Other Backgrounds

If one is within one pion mass from the bremsstrahlung endpoint, then no other
process is possible other than elastic scattering and #° photoproduction. However, in the
present experiment, we will use incident photons as much as 0.7 GeV below the endpoint
(in the case of a 6 GeV beam. The important point is that any > 3-body final state
will not have a kinematic correlation between the recoil proton and the detected photon.
For example, consider the case of n photoproduction followed by decay to two photons.
The kinematics for this process is similar to the 7° case except that the 5 is four times
more massive, so that the decay cone is 16 times wider. This would give rise to a smooth
background under the #° cone, which includes the Compton events, so that the good angular
resolution discriminates against such background. As another example, consider inelastic
photon scattering leaving the proton in an excited state, which then decays into a proton and
pion. Once again, the smearing of the kinematics due to the momentum of the third particle
(in this case, the pion) gives rise to a cone roughly centered on the Compton kinematics. For
the specific case of scattering into the A resonance, the decay cone is about 50% larger than
the 7#° cone. In investigating whether such a background exists, it is useful to have sufficient
angular acceptance to look outside the #° cone for the presence of a smooth background
that can be extrapolated into the region of interest and subtracted. This procedure was
followed in the Cornell experiment, where very little background was found [2]. We will
follow a similar procedure in the proposed measurements.

I. Luminosity Considerations

We now address the issue of luminosity limitations imposed by the counting rates in
the photon arm. To this end, our approach has been to do measurements in some limited
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kinematic range and then use a Monte Carlo code to extrapolate into other regions. The
code we have used was designed for radiation shielding calculations and uses the DINREG
event generator in the framework of GEANT detector simulations and particle transport
code. In order to test this code and gain some experience with unshielded calorimeters in an
electron-scattering environment, we used 1 shift of beam time during July 1997 to do a series
of measurements with an array of 9 blocks, each of dimension 6 cm by 6 cm by 74 cm. A 2.4
GeV electron beam was used with a waterfall target of thickness 0.5 g/cm? (1.4% radiation
length). The calorimeter array was set at 41° with respect to the beam at a distance of 5 m
from the target, subtending a total solid angle of 1.3 msr. At this angle, scattered electrons
have an energy of 1.5 GeV. With a beam intensity of 10 A, the summed counting rate in
the calorimeter was 9.5 kHz above a threshold of 0.5 GeV and 2.1 kHz above 1.0 GeV. The
Monte Carlo predicted about 1042 kHz of electrons plus photons above 0.50 GeV, which is
remarkably consistent with the measurement.

With the Monte Carlo code reasonably calibrated, we now use it to extrapolate to kine-
matics and luminosities of interest for the Compton experiment, for which we will use a
copper radiator of thickness 0.8 g/cm? (6% radiation length), a scattering target of 1 g/cm?
Hydrogen, and a beam of intensity 10 uA. The worst case situation is the 6 GeV point at
8. = 70°, for which the calorimeter is at 81, ~ 20° and the scattered photons/electrons
have an energy of 4.3 GeV. Assuming a 1 m? detector at 15 m (which matches the HRS
acceptance), the code predicts a total rate (electrons plus photons) of 4 MHz above 0.5 GeV
or 0.5 MHz above 2 GeV (see Figs. 14 & 15)

It is worth noting that the Monte Carlo tells us that there is very little direct electron or
photon background in the calorimeter from the radiator. Instead, the principal background
comes from photons from the radiator interacting with the Hydrogen target. This suggests
that it might be possible to locate the radiator just before the entrance window of the target
cell, as discussed above in Sec. IIIB.

J. Counting Rate Estimates

The counting rate is given by

Ny _ TX[I] do AE,AQ,

dt aQ, E, (22)

e
where T is the target thickness, X is the radiator thickness, I is the beam current, —e is
the electron charge, E, is the mean incident photon energy over the acceptance interval
AE,, and Af, is the angular acceptance of the proton spectrometer. Rate estimates in
counts/hour are given in Table II. These estimates assume a 15-cm long liquid Hydrogen
target (T = 6.3 x 102 cm™~?), a 6% radiator (X = 0.06), a modest beam current of 10 pA,
and the HRS parameters discussed above. The calculation of the rates takes into account
the geometrical acceptance of the calorimeter, which is largely matched to the acceptance in
the proton arm in the horizontal plane but not in the vertical (see Sec. IIIE). Further, we
assume the Compton scattering cross section is given by Eq. 19. Note that the Cornell data
suggest that this formula underestimates the Compton cross section as scattering angles
forward of 8., = 90°. Also shown in Table II are the expected background due to the
7% photons.
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K. Systematic Errors

Our goal is to measure the Compton scattering cross section to a statistical precision
of 5% and with overall systematic uncertainty on the order of 6%. We arrive at this number
from the sum in quadrature of four nearly identical contributions of 3% each: the HRS ac-
ceptance (including all effects associated with electron beam monitoring, target thickness,
data acquisition deadtime, etc.), the shape and intensity of the bremsstrahlung flux, the ac-
ceptance of the calorimeter, and the epy background subtraction. ;From recent experiments
in Hall A, cross sections have already been measured to an absolute accuracy of 5%. We
assume that as additional experience is gained over the next few years, this accuracy will
be improved to about 3% OQur estimate for the uncertainty due to the bremsstrahlung flux
comes from experience with other experiments using mixed photon/electron beams (such

- as E89-012 or SLAC NE17). The calorimeter acceptance will be measured with ep elastic
scattering, so it too will be known on the order of 3%. The calibration procedure is described
below. The epy background has been discussed above. The background is expected to be at
worst 20% of the Compton signal, except for the 5 GeV, 60° point, and it will be measured
in our calibration procedure, described in the next paragraph. A calibration on the order of
15% therefore reduces the systematic error to at worst 3%. If our estimate of the epy turns
out to be too low, then we will have to settle for somewhat worse systematic errors for the
forward angles. The principal effect of these systematic errors will be an uncertainty in the
overall cross section scale. Point-to-point systematic errors will be minimized by using the
2nd HRS spectrometer as a luminosity monitor.

A nice feature of our setup is that we can use elastic ep scattering to do an energy
calibration of the calorimeter, measure the angular placement and acceptance, and measure
the position resolution. This is done with the radiator removed and the sweep magnet turned
off. With the radiator still removed but the sweep magnet turned on, we can measure the
radiation probability in order to make the epy correction. With the radiator in, the sweep
magnet off, and the spectometer tuned for a momentum below the elastic peak of the
primary beam, we will measure the spectrum of energy-degraded scattered electons in the
calorimeter, which again will be important for the epy correction. It is likely that such
measurements will have to be done for each kinematic setting

IV. BEAM REQUEST AND RUN PLAN

A. Beam Request

The parameters of the measurements we propose are presented in Tables I and II. The
last column of Table II gives the time needed to achieve 5% statistics for the Compton
cross section, including the effect of the (modest) n° background. These times total about
65 hours. This represents about 1/3 of the total running time needed for the experiment.
The remainder of the time will be needed for calibrations with the electron beam and
measurements with the radiator removed. At the most forward angles, it may also be
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necessary to measure with an empty target, although the excellent y-resolution of the HRS
should allow us to separate events from the Al entrance window. There is also overhead
associated with energy and angle changes, which we budget at approximately 2 hours per
change, for a total of 32 additional hours. Therefore, our total beam request is 227 hours.

V. COLLABORATION RESPONSIBILITIES AND TIMETABLE

The organization of the RCS collaboration is rather new, but specific responsibilities
of the various groups have been explored in a preliminary way. The collaboration includes a
broad range of experience and expertise involving every phase of the experiment, including
operation of the Hall A spectrometers, cryotarget, and beam lines; use of real photon beams
and mixed photon/electron beams to study photoreactions; design and construction of large,
multi-element Pb-Glass calorimeters; optimization of position resolution in electromagnetic
calorimeters; construction and use of a variety of veto dectectors, such as MWPC, Cerenkov,
and plastic scintillators; mechanical design of detector carriages; design and use of sweep
magnets; data acquisition and trigger electronics; and data analysis. A major segment of
the collaboration works together on the vCS experiments. Another segment has done con-
siderable work on Compton scattering from the proton at lower energies. By late February,
we expect to have an organizational collaboration meeting, during which working subgroups
will be formed to address the various experimental issues associated with this experiment.
Test runs are planned in March and June of 1998 during which we will set up an 5 x 5
array of candidate Pb-Glass blocks (provided by the Yerevan group) in coincidence with the
hadron HRS. Using electron scattering from the Hydrogen target, we will develop off-line
techniques for optimizing the position resolution of the calorimeter. We further intend to
study 3 different schemes

o Test of a 5 x 5 array of candidate Pb-Glass blocks, including studies of algorithms for
optimizing the position resolution

o Test of various schemes to veto electrons from ep scattering.

o Test of luminosity limitations imposed by a radiator.

VI. FUTURE DEVELOPMENTS

In thinking about Compton scattering in this energy regime, it would be very attrac-
tive to measure double polarization observeables. As we gain experience with unpolarized
measurements, we see the development of a full proposal as a future direction. Two types
of experiments are possible. Both would use longitudinally polarized electrons. One would
measure the recoil polarization using the FPP in Hall A. The second would use a polarized
target in Hall B. A second option for the future would try to take advantage of future en-
ergy upgrades to extend the unpolarized measurements to 8 GeV and beyond. To take full
advantage of the higher momentum transfer afforded by higher energy beams, it will be
advantageous to move the experiment to Hall C and detect the recoil proton in the HMs.
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TABLES

TABLE 1. Kinemates for the proposed RCS measurements. E is the beam energy and E, is
the mean photon energy in a 10% interval whose maximum energy is 0.1 GeV below E. D is the
target-to-calorimeter distance needed to match the HRS acceptance.

E E, 8 Ocrn -t D 6, E, 0y Pp Pl
(GeV) (GeV) (GeV)? (deg) (GeV?) (m) (deg) (GeV) (deg) (GeV) (GeV)
3.00 2.77 6.08 90. 2.22 9. 41.7 1.58 33.6 1.90 1.05
3.00 2.77 6.08 110. 2.98 6. 57.1 1.18 25.0 2.35 0.99
4.00 3.72 7.87 90. 3.10 9. 37.0 2.07 31.0 2.42 1.25
4.00 3.72 7.87 110. 4.16 6. 51.1 1.50 22.8 3.01 1.17
5.00 4.68 9.66 60. 1.99 17. 19.8 3.61 43.8 1.77 1.22
5.00 4.68 9.66 70. 2.62 14. 239 3.28 38.3 2.14 1.33
5.00 4.68 9.66 80. 3.30 11. 284 2.92 33.4 2.53 1.39
5.00 4.68 9.66 90. 3.99 33.6 2.55 29.0 2.92 1.41

9
5.00 4.68 9.66 100. 4.68 8. 39.6 2.18 24.9 3.30 1.39
5.00 4.63 9.66 110. b.35 6. 46.7 1.82 21.2 3.67 1.33
5.00 4.68 9.66 120. 5.98 b 55.2 1.49 17.7 4.02 1.22
5.00 4.68 9.66 135. 6.81 5. 72.2 1.05 12.9 4.47 1.00
6.00 5.63 11.45 70. 3.21 14. 22.0 3.92 36.3 2.48 1.47
6.00 5.63 11.45 80. 4.03 11. 26.2 3.48 31.5 2.94 1.54
6.00 5.63 11.45 90. 4.88 9. 31.0 3.03 27.2 3.41 1.56
6.00 5.63 11.45 100. 5.72 8. 36.6 2.58 23.4 3.88 1.54
6.00 5.63 11.45 110. 6.55 6 43.2 2.14 19.8 4.33 1.47
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TABLE II. Counting rates and backgrounds for the proposed measurements. The angular
resolution is given in columns 4 and 5. The yield of Compton events is given in column 6. The
ratio of 7° to Compton events is given in column 7 and the projected time to achieve 5% statistics
for Compton events is in the last column.

E E.Y /- g oy Yy Rﬂ_o T
(GeV) (GeV) (deg) (mr) (mr) counts/hr hr
3.00 2,77 90. 3.5 2.3 2202. 1.26 0.4
3.00 2.77 110. 4.2 3.3 3813. 1.21 0.2
4.00 3.72 90. 3.2 1.9 792. 1.25 1.1
4.00 3.72 110. 4.0 2.9 1334. 1.24 0.7
5.00 4.68 60. 2.8 1.0 108. 1.38 8.9
5.00 4.68 70. 2.8 11 166. 1.32 5.6
5.00 4.68 80. 29 1.4 250. 1.30 3.7
5.00 4.68 90. 3.1 1.7 350. 1.30 2.6
5.00 4.68 100. 34 21 424, 1.29 2.2
5.00 4.68 110. 3.9 2.6 553. 1.31 1.7
5.00 4.68 120. 4.5 3.4 587. 1.32 1.6
5.00 4.68 135. 6.0 5.1 386. 1.30 2.4
6.00 5.63 70, 2.6 1.0 80. 1.35 1.8
6.00 5.63 80, 2.8 1.2 123. 1.36 7.7
6.00 5.63 a0, 3.0 1.5 177. 1.38 5.4
6.00 5.63 100. 3.3 1.9 215, 1.38 44
6.00 5.63 110. 3.8 2.5 265. 1.41 3.6
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FIG. 1. Real Compton scattering data of Shupe [2] and pQCD calculations [5,16,17] using
various distribution amplitudes ¢ for the proton structure. Solid line: KS [18], dot-dashed line:
COZ [19), dashed: CZ [20], and dotted: asymptotic DA.
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FIG. 2. Real Compton scattering data of Shupe [2] and the di-quark model ecalculations at
various values of the center of mass energy squared s. [9,10,16]

FIG. 3. The photo-absorption cross section and the imaginary part of the forward Compton
amplitude for real or virtual photons. The figures are drawn from right to left in the form of a
matrix element {f] M |i). The figure illustrates schematically the sum over all hadronic states in
the final state of photo-absorption or the intermediate state of Compton scattering.
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P

a) b)
FIG. 4. a) The forward Compton amplitude for real (or quasi-real) photons. b) The handbag
diagram for the forward virtual Compton amplitude measured in deep inelastic lepton scattering. c)
The leading twist contribution to the “off-forward” or deeply virtual Compton scattering (DVCS)
amplitude: VCS in the limit Q% = —g? large, ¢’ = 0, and -t = (¢—¢')* = (P'-P)* < Q*. Fig. a)
illustrates the dominance of t-channel hadronic exchange for forward (real) Compton scattering.

Figs. b) and c) illustrate factorization at high Q? for b) DIS and c) forward VCS. [13,14]

P E

a) b)

FIG. 5. Compton amplitude in hard scattering limit. a,b) Single-quark diagram: a) direct or
s-channel term, b) crossed or u-channel term. c) Two-quark diagram. These diagrams can be
dressed with perturbative gluon exchanges.
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FIG. 6. Plan view of the proposed experiment in Hall A
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FIG. 7. Kinematics of Compton scattering. The lines indicate contours of constant &, whose
value is indicated. The points are the proposed kinematics of the experiment.
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FIG. 8. Missing momentum spectum from ep scattering using the HRS pair in Hall A. The
resolution from this plot implies angular resolutions o5 = 04 =2 0.9 mr.
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FIG. 9. A plot showing the y resolution (~ 0.?mm) of the HRSs.
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FIG. 10. The angular acceptance in the photon arm needed to match the acceptance in the
proton arm as a function of center of mass scattering angle at 5 GeV
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FIG. 11. Monte Carlo calculation of cut-of-plane angular distributions of photons from Comp-
ton and m° photoproduction. The upper plot has no cuts while the lower plot has a 2-¢ cut on
the in-plane angle. The broad distribution is the 7n° cone, whereas the peak centered at 0 are
the Compton photons. The calculations were done at E=6 GeV, 8,,=110° using the angular
resolutions shown in Table II.
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FIG. 12. Monte Carlo calculations of the energy spectrum of Compton photons (top) and
epy photons (bottom). The calculations were done at E=6 GeV, 8., = 70°. The ratio of epy to
Compton events in the region above 3500 MeV is ~ 0.20.
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FIG. 13. Monte Carlo calculations of the energy spectrum of Compton photons (top) and
epy photons (bottom). The calculations were done at E=6 GeV, 0., = 110 °. The ratio of epy to
Compton events in the region above 1500 MeV is ~ 0.06.
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e+CuH —-e +X at E =6GeV (15cmHand008580mCu)
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FIG. 14. Monte Carlo calculations of the electron background into a 10 msr solid angle as a

function of energy threshold and angle when 10 pA of 6 GeV electrons is incident on a 6% copper

radiator, followed by a 15-cm LH; target.

e+CuH—>y+X at E =6 GeV (15cmHand008580mCu)
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FIG. 15. Monte Carlo calculations of the photon background into a 10 msr solid angle as a
function of energy threshold and angle when 10 pA of 6 GeV electrons is incident on a 6% copper

radiator, followed by a 15-cm LH, target.
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